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GOAL - 5% atoms in matrix

B Jcn J J= 0  Oven vaporization of B/C < 0.3
i § Argon Matrix/10 K Subst
Infrared Intensities km mol™ 1 g Substrate )
B3LYP/cc-pVDZ I Annealing to Constant Composition
0 0 2 Isotopic Substitution & FTIR
C, | BC | B " Isotopomer Fin i
5 i . 3 p gerprinting
C, BC, | B,C B, 4 Quantitative FTIR Analysis
772 | 112 | 7 | 64| N
cC, Cc, | Bc, [ B, | BC| B,
498 291 | 153_|_1004 | 55 N
C; | BC, | B,C, [ B,C, [ BC | B
2540 | 2362 | 2435 6
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cCyq Cy | BCg | ByCq | BiCy | ByCq | BsCs | BeCy | B,Cy | BgCy [ BoC | Byo
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15171 : 12
cc12 c12 Bc|1 Bzc‘lo B3C9 B4C3 85C7 BECS B7CS Bsc4 Bgcﬁ a1°C2 B11c 812 13
1504 4798 , 1
c13 BC12 BZC‘H B3c10 B4C9 85C8 BGC7 B7CS BBCS BBCA B1DC3 B‘1CZ 812C BT:’
21421
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Goal
Production of cryogenic HEDM with five mole pei‘cent atoms.
Objective

Characterization of source and quantitative analysis of B;Cy.;

Approach

Production of HEDM by evaporation of boron with high-temperature graphite
furnace and co-deposition of vapor with argon on a cold (10 K) surface

Identification and quantitative analysis of B;C,.y species (n >3,J=0to 2) by
FTIR spectroscopy and ab-initio calculations.

Quantitative measurement of distributions of B;C,_; species prodqced upon

_ deposition and after annealing to a constant composition.

Determine absolute column densities (molecules cm’?) from Beer's law:
' <pid>=2.303 Aox/Iineory



Preparation
3000 K @ven 10 K Substrate

acretion layer

~60 um/hour\

Tacell-""

graphite argon
liner S N, ST
powder -~
mixture e ’
5% atoms
Annealing

a0 10K a3 325K,60s a6 40.0K,20s
al 275K,120s a4 35.0K,45s sublimation
a2 300K, 90s a5 375K,20s rate ~ 1 pm/s

Precision matched pair of matrices

Green Matrix 11B/19B = 80/20 enhanced 'B,C,, ;
Red Matrix 11/ = 27/73 enhanced 19B;C,_ ,
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0.2 Survey’spectra showing BC,, B,C, C,, BC;, B.C;

Doublet peaks belonging to 18C,.; and '"BC,, and triplets Mlonﬁng to '°B,C.2, R Cats ami 13,C,.; are seen
with inverfed. il_ntensity ratios. Note red shift of BC; from C,. ﬂC, B;, and B;C were not observed.
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0,35 Survey spectra of precisioeratched matrices showing larger clusters
' BJCnﬂI, n>4,J =0, 1,2 in original matrices and after three annealings.

Green ("B/'{B = 80/20) and Red ('B/"°B = 27/73) Matrices. All peaks
0.30- except C; grpw upon annealing. Fundamentals of BC,., forn=5,6,7,
and 9 are similarly red-shifted from fundamentals of linear C,, and their
experimental absorbances are all slightly greater. Two fundamentals of
BC, are obgerved at 2112 and 1866 cm’, red-shifted from the two
0.25- : fundamentals of linear C,.
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Disappearance of BC, upon annealing

YBC,

i

g
%
S

BC2rg3D Mar. 8, 2000 8:10:18 AM

_Di_sappearance of BC, and C, upon annealing
B-C-C-C +X=B-C-C-CX
| Cs

"8C,

BC3rg3D2.axg Mar. 8, 2000 9:34:40 AM



Growth of B,C, upon annealing

B-C+C-B = B-C-C-B /B\ + B = B-C-C-B
c—c¢

B2C2-3D2 Mar, 8, 2000 7:51:45 AM

Identification of 9 of the 16 isotopomers of linear BCCC in 5 matrices.

12,
(@) BIC =13 15431 7C,

118/'%8 = 8or20
12¢/13¢ = 9914

1512.56 11-12-12-12

{b) BIC =173 -
Mg/ = 27773 |.
ciMe =991 |

1630.0 10-12-12-12

{c) BIC =114
15/1%g = 80120 |:

1500.1 11-12-13-12
1497.0 11-12-12-13
AMMB 11-13-12-12

g '2¢/"¢ = 8or20/4
5 : o A B
o | s e
§ "'8r'’ = 100 | /5133 10.13-12_12
© e/Pc=semi) ¢ S
(e} BIC =1/25 : e 12013 : 1483.4
e = : 120 13 120 13 15136 120, 11-43-13-13
: C,°C C,°C 3
11g/1°g = 8o/20 1528.6 .3 2 :7: . 15115 : / 1467.9
2eMc=grmat T2~ A \

: Aa ik iy R
Measured frequencies 7’8 ONA JAYWAYAY A

Predicted frequencies 1502.2 10-13-13-12 £ f‘ ~1479.90 11-13-12-13
9 1500.0 10-13-12-13 / 1486.8 1482.5 11-12-13-13
10:13-13-13 1483.6 11-13-13-12

T

1500.0 10-12-13-13

| T T T ' 1 A T T T T T ML T T 1 1
1560 1550 1540 1530 1520 1510 1500 1480 1480 1470 1460
wavenumbers




Four minimum energy geometries of B,C; produce similar isotopomer fingerprints.
Scale factor (Sy = measured frequency/theoretical frequency) of linear BCCB = 0.97250.

2 3% ;i ioio;
& S E b oas e 8 W &
& d: oI or oI I -
-~ - e - - - - - - -~
Experiment A A A : A A A A
Linear vy(a,) : :

D
D~
(g
g
>
>
>

BCCB Sp=0.87250 A

Linear VJ(ou.) : i ool : : :
CBBC Sg=0.73630 4 & 10 8 dOLA a4 A
Rhombus vi(byy) '
Sp=12354 A A6 D AA A A F
B C : T : : : : H :
CB b)) Do S :
Sp=1.3001 4 A A A A ia K Py
Trapezoid - v,(ay)
Sr=081130 & &5 am b opos A
cC : 2 N : : :
BB vy o T A : ‘
Sp=1.3136 SR D iAs pAA D A A A
980 970 980 950 940 930
wavenumbers

1aenurication ot 7 isotopomers of the 10 isotopomers of BCCB in 5 matrices.

(a) BIC =113
1g/'%g = 8or20
2¢r'3c = g9n1

A 955.0 11-12-12-11

£967.7 11-12-12-10

(b} B/C’ =13 979.0 10-12-12-10

"811% = 27173
2¢/3¢ = 9oy

N
(c) BIC =1/4 9458 11-12-13-11
11g/'°g = gor20

2¢/'3¢ = 8ol2o

(d) BIC =113
V'8/'%8 = 1090
2¢r'%c = g9r11

absorbance

3/ 9702 10-12-13-10

(e) BIC =1/25
g% = 80120
2c13¢ = 271173

A937.5 11-13-13-11

950.6 11-13-1.3-10 ~

AV A oA & A
///# Z%

Measured frequencies 958.5 11-13-12-10

Predicted frequencies 959.1 11-12-13-10
962.1 10-13-13-10
f T T T T T T T T — T T T
990 980 870 960 950 940 930
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BJCn-J
Annealing Sfudy
Peak by Peak

Detail '

In first annealing C, and
BC; remain constant and
B,C; grows _ from
undetectable to S/N ~
100. B,C; seems inert.

All pentamers grow in
first annealing. B,C;
grows most; Cs and BC,
evaporate most in 5"
annealing.

Hexamers with boron
grow most; evaporation
of Cs in 6" annealing is
greatest.
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0.008
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11
B,C,

In 5™ annealing, J = 0
evaporates more than
J=1, and J = 1
evaporates more than J
= 2. A boron rich layer
appears to be capped by
a carbon rich layer.

In 6" annealing, where
almost half the matrix

sublimed, the J = 2

clusters evaporate the
least. A boron rich layer
appears to be capped by
a carbon rich layer.
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B,C,._, Annealing Study
C, and BC, disappear rapidly. J =2 clusters
evaporate least in gth annealing.

BC
BC, - ' ¢ BC, . BC,
C 6 B G : e
S B,C B B.c, BC 10
B,C, (g 2 8 B,C
f . C9 2~8 BC ..
aco 2o B.C, o
q = D : 2 : C“
7 ECCCBZC’

s L : . : S c maximum
: : : : E detection
. . : fimit

Column density (molecules cm?)

"""""""""""""""" mi;limum
detection
timit :
1011 -------------------- Geemmese e LEEREEEER R KRR A R O I PRI f I
1 102.1021102 102102\102‘102’102102 <]
4 5 6 7 8 9 10 11 =n

Cluster B,C_;

B32mol3.axg July7, 1999 4:21:40 PM

Results and Discussion

Linear Cs, cyclic BC;, and cyclic B,C, constituted about 80% of the total observable boron and -
carbon in the initially deposited matrix, but B; was not observed. If B; were present, its
concentration fell below the detection limit of the system. The measured trimer distribution in the
initially formed matrices was p(Cs) : p(BCy) : p(B;C) : p(B3)~ 1: 1.5:0.5: < 0.05 (upper limit).

Statistical substitution of J boron atoms into an n-atom carbon cluster produces a distribution given
by p(B,C..;)/ p(Cn) =[{n(n-1)...(n-J+1)}/J] [B/C]’. With the experimental B/C ~ 1/3, the statistical
trimer distribution is

p(Cs) : p(BCy) : p(B,C) : p(B3) ~1:1:0.33:0.03.

Agreement between distributions implies trimers form by random condensation of well-mixed atoms,
uninfluenced by the relative energies of the trimers, the energies of their precursors, or preferential
kinetics pathways that could otherwise distort the statistics.

Linear C; and cyclic BC,, disappeared entirely when the matrices were repeatedly annealed to
% temperatures between 25 K and 35 K, but cyclic B,C was inert. :

Linear C,4 andrBC3 (BCCC) disappeared more slowly, and linear B,C, (BCCB) grew to ~ 95% of its
final value during the first annealing. Once formed, B,C,, like B,C, was also inert to further
reaction.



The sources of B,C, are from condensation of atom plus trimer (B + BC, but not C + B,C) or dimer +
dimer (BC + BC but not B, + C;). Although BC was not observed, the upper limit of p(BC) is larger
than p(B,C,) so that BC cannot be ruled out as a source of B,C,.

The growth of B,C; is conclusive evidence of the presence of BC and/or B in the originally deposited
matrix in an amount at least as great as the growth of B,C,.

Linear Cs, BC; (BCCCC) and B,C; (BCCCB)] and larger linear clusters (B;C,;,5<n<11,J=0,1,
2), all grew upon annealing.

The sources of B,C; are dimer + trimer (BC + BC; but not B, + C;) and atom + tetramer (B + BC;
but not C + B,C;).

Since p(BC;) ~ 5p(BC;) in the initially deposited matrix, the BC + BC, source is dominant. Growth
of B,C; conclusively establishes the presence of BC in the matrix in an amount at least as great as the
amount by which B,C; grows.

Growth of BC, occurs primarily by BC + C; rather than B + C, or C + BC; because p(C;) ~ 10p(C,)
and p(C;) ~ 2p(BC3). Growth of Cs occurs by C + C4 and C, + C;, which establishes the presence of
C and/or C, in the original matrix in an amount at least as great as Cs growth.

Disappearance of triangular BC, requires breaking of one of its B-C bonds when one of its carbon
atoms is attacked. The major reorganization of electronic energy involved in opening the ring
appears to occur with little (< ~3 kcal mol™) or no energy barrier, which makes this small molecule a
candidate for an interesting ab-initio study of unusual reactivity at low temperature.

Conclusions
Annealing kinetics of disappearance of C; and BC,, and of appearance of B,C, Cy, BC;

B,C,;, Cs, BC,, and B,C; unequivocally establishes the presence of atoms and dimers in
the originally deposited matrix.

~80% or more of the initially deposited HEDM existed as atoms, dimers and trimers.

Molecules with two boron atoms are immune from radical attack and condensation
during annealing.

Future Work

Continued development of source for production of higher flux beam of nearly pure
boron atoms.

Map of "islands of stability" of pure boron HEDM; B, or B; may be the ultimate sink
for atoms in the low temperature HEDM environment.

Determine reactivity of boron atoms with hydrogen during co-deposition.

Develop rapid condensation methedology to prevent reaction of B with H,.
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, Growth upon annealing - cC4 and cC - two fundamentals of C,,

v, cyclic Cg v, cyclic Cg
17001695 1690 1822 1817 1812
© &
4 (=)
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— 0
L 0
X ]
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1 1
2
8l — g
o o
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~ Carbon Matrix (a) - Linear C, to C,, Clusters

v, Cq
1957 1952 1947

2132 2127 2122

1548

2076 2071 2066

0.00 -

Ve Cq

2003 1998 1993
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v Cyo

0.00-

2080 2075 2070
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v4cyclic Cg v}, cyclic Cg weak C,, strong C,,
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Theoretical Infrared Intensities of Linear C,, DFT/B3LYP
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Intensity per carbon atom (I /km mol™)
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Carbon cluster distributions
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Conclusions from Carbon HEDM Research

Quantitative analysis - Establishes HEDM density, distribution of carbon clusters,
tracking of growth and decay of carbon clusters, carbon bookkeeping - quantification of
"invisible carbon", C-atom and C..

Highest density matrix (equivalent C-atom density ~ 1 mole percent in argon) contained
40% "invisible" carbon (C, C,), determined by tracking the growth of the "visible"
(measurable) carbon to a constant composition after repeated annealing. Main product
of condensation is cyclic Ce. :

Yields of cyclic-Cs are a factor of two larger than the combined yield of all other
clusters in the fully condensed, highest density matrices. Cyclic-Cs is the dominant

condensation product.

Substrate must be shielded from oven to prevent condensation during deposition.
Higher temperature oven places higher heat load on substrate, which promotes

condensation.

Obtained higher density matrices by decreasing argon flux and maintaining oven flux.
However, condensation was also increased.

Matrices produced with argon/5% H; caused nearly complete loss of C,sq and Cpiz
relative to C,.3, suggesting that H, scavenges C-atoms efficiently during co-deposition.



